Fungi are one of the principal causes of reduced quality in stored grains and foods. Many fungal species produce mycotoxins, secondary metabolites which are highly toxic to animals and humans (9, 10) . Of the known mycotoxins, those belonging to the aflatoxin group have attracted major concern due to their carcinogenic activity and the substantial evidence of their involvement in human diseases. Aflatoxins are produced by species belonging to the Aspergillus flavus group (A. parasiticus, A. flavus, A. nomius) (14, 30) . During the last decade, several accurate, sensitive, and inexpensive kits were developed for the detection of aflatoxins in agricultural products and processed foods. However, the enumeration and identification of the governing species in grains and foodstuffs are essential factors for quality assurance and control of both raw materials and finished products. Therefore, the early detection of aflatoxigenic strains serves as a warning signal of a potential health hazard.
The presence of molds in grains and foods has traditionally been assayed by direct or indirect methods, e.g., dilution plating, measurements of CO 2 levels and volatile compounds, ATP assays, and an evaluation of the presence of fungal cell constituents such as ergosterol and chitin. However, numerous disadvantages are associated with the use of direct fungus detection techniques. They are time-consuming, labor-intensive, and costly; require special facilities and mycological expertise; and are inaccurate (23, 31) . The limitations associated with the indirect methods are even more severe: it is impossible to distinguish among species or to yield quantitative analyses. Furthermore, most of these methods are expensive, and the results are not reproducible. As a consequence, there is a clear and urgent need to develop new, reliable methods that will be highly specific, relatively rapid, and easily replicated. Serological and molecular techniques offer such an alternative.
Over the past two decades, serological assays have gained increasing acceptance as powerful analytical tools for the assessment of food safety and quality (32) . Recent reviews on the use of immunological techniques in mycology have been presented by Preece (38, 39) and Pepys and Longbottom (37). Clark (11) provided a review of immunosorbent assays in plant pathology but dealt chiefly with the use of enzyme-linked immunosorbent assay (ELISA) for detecting plant viruses. Later on, Clark et al. (12) described the immunological detection of fungi in plants and included a list of fungi used to raise antibodies.
Studies involving immunological assays, which make use of antibodies (either monoclonal antibodies [MAb] or polyclonal antibodies [PAb]), to detect common food and grain inhabitants have also been conducted (3, 16, 18-20, 27, 28) , and some of them have been aimed at detecting mycotoxigenic fungi belonging to the genus Penicillium. At present, only a few ELISA kits for the detection of fungi are commercially available (17) .
Different sources of fungal material have been used as antigens in these studies. They include direct fungal material, e.g., mycelium fragments (pellets of homogenized mycelium), extracts of freeze-dried mycelium, spore suspension, and mixtures of spores and mycelia; and indirect fungal material, i.e., surface washes from the growth medium, e.g., extracellular polysaccharide obtained directly from the growth medium or after column chromatography of the culture filtrate. Recently, several genes coding for key enzymes in aflatoxin biosynthesis have been identified by complementation studies in A. parasiticus, and their complete sequences have been published (6, 7, 43, 47) . Two of these genes are apa-2 (coding for a regulatory factor, AFLP) (6, 36) and ver-1 (coding for the enzyme converting versicolorin A to sterigmatocystin) (43) . Recently, antibodies to NorA, Ver-1, and OmtA proteins have been utilized to detect native proteins in A. parasiticus (4, 46) . Based on these data, synthetic oligodeoxynucleotides which complement the 5Ј and 3Ј regions of the coding portion of each of the genes were generated and the primer pairs were used in a PCR to detect the presence of the genes in suspected samples (42) . The aim of this study was to develop PAbs against A. parasiticus, a known aflatoxin producer, by using either culture filtrates or the products of the apa-2 and ver-1 genes expressed in Escherichia coli. Cultures were maintained on synthetic medium (SM) (35) at 26 Ϯ 1ЊC. Production of PAb against filtrate of A. parasiticus. The fungus was grown at 28ЊC in Erlenmeyer flasks (5-liter volume) in 1 liter of Sabouraud dextrose broth (Difco). The flasks were gently agitated in an orbital shaker (100 rpm) for 2 weeks, after which the contents of the flasks were filtered through a double layer of cheesecloth. The culture fluid was centrifuged at 4ЊC (12,500 ϫ g for 10 min), and the supernatant was lyophilized. The resultant powder was suspended in double-distilled water (15:1 [vol/vol] initial filtrate/water) added to dissolve the powder, and the mixture was used to raise PAbs, after being emulsified with Freund's incomplete adjuvant as described further on.
MATERIALS AND METHODS

Fungal
Production of the N-terminal domains of A. parasiticus ver-1 and apa-2 gene products in E. coli. Total DNA was extracted from 1 g of A. parasiticus mycelia as described by Choi et al. (8) . PCR was used to amplify the ver-1 and apa-2 genes with A. parasiticus genomic DNA. Four primers were selected on the basis of published sequence analyses of the apa-2 and ver-1 genes (6, 43). The oligonucleotide positions, sequences, and orientations are described in Table 1 . Primer 1 and primer 3, corresponding to the 5Ј termini of ver-1 and apa-2, respectively, were designed with an additional BamHI site and an arbitrary 6 nucleotides at their 5Ј end. Primer 2, corresponding to the 3Ј terminus of ver-1, and primer 4, located after the putative zinc finger of apa-2 (6), corresponded to the negative strand and had additional EcoRI sites and six arbitrary nucleotides at their 5Ј side. The primers were produced with an automatic DNA synthesizer (ABI 381A; Applied Biosystems International, Foster City, Calif.). PCR was performed on a 50-l reaction mixture containing 100 ng of genomic DNA, deoxynucleoside triphosphates at 200 M each, primers at 1 M each, and reaction buffer (10 mM Tris-HCl [pH 9.0], 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton X-100, 0.2 mg of gelatin per ml). The reaction mixture was heated to 95ЊC for 10 min before the addition of 2.5 U of Taq DNA polymerase (Appligene, Pleasanton, Calif.). A total of 30 PCR cycles (1 cycle ϭ 1 min at 94ЊC for denaturation, 2 min at 60ЊC for primer annealing, and 2 min at 72ЊC for extension) and a 5-min final extension at 72ЊC, using a programmable DNA thermal cycler (PerkinElmer Cetus, Norwalk, Conn.), were done. The PCR products were analyzed by electrophoresis on a 1% agarose gel in 1ϫ TAE (40 mM Tris-acetate, 1 mM EDTA [pH 8.0]) stained with 1 g of ethidium bromide per ml. The PCR products, a fragment of approximately 950 bp corresponding to the entire protein coding sequence of ver-1 and a fragment of approximately 200 bp corresponding to the N terminus of apa-2, were each cloned separately into the BamHI and EcoRI sites of the expression vector pGEX2T (Pharmacia, Uppsala, Sweden), creating in-frame fusion with glutathione-S-transferase (GST). Restriction enzyme digestions, ligation of DNA fragments, bacterial transformations, and plasmid isolations were performed by the protocols described by Sambrook et al. (40) . Sequence analysis of the entire apa-2 fragment and 250 bp of the ver-1 fragment from both ends of the cloned fragments, performed by the dideoxy chain termination method (41) using Sequenase, version 2.0 (U.S. Biochemical, Cleveland, Ohio), with [ 35 S]dATP␣S, verified their identity with the described published sequences (5, 43) . The chimeric plasmids pGEX-ver-1 and pGEXapa-2 were transformed into E. coli (strain NM 522; Stratagene, La Jolla, Calif.), grown in LB broth (40) at 37ЊC to early log phase (optical density, 0.4), and isopropyl ␤-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM. After 4 h of expression, cells expressing the N-terminal domain of ver-1 were pelleted, suspended in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ), lysed, and affinity purified on glutathione Sepharose beads (Pharmacia) as described by Smith and Johnson (46) . The purified chimeric protein was separated on a sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gel, excised following staining, and eluted from the gel using Electro-eluter (Bio-Rad, Hercules, Calif.). Cells expressing the Nterminal domain of apa-2 were pelleted, suspended in PBS, lysed, boiled for 10 min, and centrifuged for 10 min at 12,500 ϫ g. The expressed chimeric protein was separated by SDS-polyacrylamide gel electrophoresis (PAGE) followed by staining and excision of the representative band.
Raising PAbs in rabbits. For the ver-1 gene, 1 ml of the electroeluted material was used as the antigen, whereas in the case of the apa-2 gene, the antigen was prepared as follows: the polypeptide was excised from the gel, washed five or six times (30 min each) in distilled water and then homogenized in 1 ml of PBS (pH 7.2). The antigen mixture (1 ml in each case) containing about 20 g of protein was emulsified with 1 ml of Freund's incomplete adjuvant before intramuscular injection into 6-to 8-week-old rabbits (half of the final volume into each leg). The rabbits were bled a week after the first injection, followed by subsequent weekly injections and bleedings for 12 weeks. The blood samples were stored at 4ЊC for 24 h, and the sera were separated by centrifugation (5,000 ϫ g for 10 min). To avoid repeated freezing and thawing of whole serum, it was collected in small amounts in Eppendorf tubes before being stored at 20ЊC. Preimmune serum was obtained from each rabbit before immunization.
Western blot (immunoblot) analysis. Immunoblot analysis was done by the method described by Cary et al. (4) with minor modifications. Frozen mycelia collected from 3-and 7-day cultures were ground under liquid nitrogen and extracted with denaturing gel loading buffer (50 mM Tris-HCl [pH 7.5], 2% SDS, 10% glycerol, 0.1% bromophenol blue, 2% ␤-mercaptoethanol) and heating at 95ЊC for 10 min. Mycelial debris was pelleted by centrifugation, and aliquots of the supernatant were separated on an SDS-polyacrylamide gel followed by transblotting onto nitrocellulose membranes and immunodetected with either antiver-1 or anti-apa-2 polyclonal antiserum. All blocking and washing steps were carried out as described above.
ELISA procedure. Immunoassay was performed using the antigen-coated plate ELISA method described by Joisson et al. (25) , with minor modifications (29) . Microtiter plates were coated overnight at 5ЊC with antigen (100 l/well), rinsed with distilled water followed by two rinses with PBS containing 0.05% Tween 20, and then incubated (overnight at 5ЊC) with the serum (diluted in a 1% nonfat dry milk powder solution in PBS [NFDM]). Plates were washed again with water and PBS containing 0.05% Tween 20 and treated for 3 h at 37ЊC with goat anti-rabbit immunoglobulin G alkaline phosphate conjugate (diluted 1:2,000 in NFDM).
Preparation of mycelial homogenates. The strains were grown separately in small petri dishes (diameter, 5 cm) over a sterile cellophane membrane placed on gamma-irradiated (12 kGy) corn flour, mixed with a 20% agar solution (1:4 [wt/vol]). Following 3 days of incubation at 26 Ϯ 1ЊC, spores were thoroughly washed from the cultures with sterile water and the mycelia were collected from the surface of the membranes. The mycelia were then frozen in liquid nitrogen (6) .
b Positions of primers within the nucleotide sequence and their orientations; primers 1 and 3 prime for the sense strands, whereas primers 2 and 4 prime for the antisense strands.
c The six nucleotides at the 5Ј end of each primer are arbitrary sequences generated to aid in the endonuclease digestion (in italics). The BamHI site is marked (in bold); the EcoRI site is underlined.
and immediately ground with a mortar and pestle to a fine powder. The powder was suspended in 0.05 M carbonate buffer and homogenized in an Ultra-Turrax. The material was centrifuged (10,000 ϫ g for 10 min) at 4ЊC, and the supernatant was stored at Ϫ80ЊC until use. Extracts of corn grains after grinding were prepared by the same procedure.
Protein assays were carried out by the method described by Ghosh et al. (22) with minor modifications (29) , with bovine serum albumin as a standard.
Aflatoxin B 1 determination. The entire contents of three petri dishes in which A. flavus or A. parasiticus had been grown separately were mixed and then analyzed for aflatoxin B 1 by thin-layer chromatography (TLC). Aflatoxin B 1 was quantified by TLC by visually comparing the fluorescence intensities of the B 1 spot in the sample with those of the standard spots (2). 
RESULTS
Aflatoxin B 1 content in media inoculated with
2).
Western blot analysis and ELISA detection using PAb against the GST-Ver-1 and the GST-Apa-2 chimeric proteins. E. coli expression of the chimeric protein GST-Ver-1 and its affinity purification are shown in Fig. 2 . No dominant polypeptides were observed in the control preparation (noninduced bacteria harboring the vector pGEX-ver-1). Following IPTG induction, a distinct 26-kDa band corresponding to GST was visible in bacterial extracts harboring the vector pGEX2T, whereas a strong 38-kDa band appeared in extracts of bacteria harboring the vector pGEX-ver-1. Since there is an in-frame stop codon in the first intron of the ver-1 gene (44), the resultant chimeric protein contained only a 12-kDa polypeptide attached to GST. After a one-step affinity-column purification to capture the chimeric protein, only one major band of approximately 38 kDa could be detected. IPTG induction of E. coli cells harboring pGEX-apa-2 resulted in the expression of a distinct 33-kDa polypeptide (not shown). The band containing the overexpressed chimeric protein was carefully excised from the gel. Aliquots of the gel slice were electroeluted and reseparated by SDS-PAGE to examine the purity of the protein. Only one major band of the expected size was detected. The overexpressed chimeric protein included GST and part of the Nterminal portion of apa-2 starting at the putative first methionine and containing a putative binuclear-type zinc finger motif.
Western blot analysis of total proteins from E. coli cells expressing each of the chimeric proteins (GST-Apa-2 and GST-Ver-1) certify the specificity of the PAbs raised against the chimeric proteins. Western blot with antibodies to Ver-1 and Apa-2 revealed a specific immunoreactivity with the proteins of the expected sizes from the mycelium homogenate (33 and 45 kDa, respectively). An immunoblot of A. parasiticus and corn crude extracts made by using PAb to Apa-2 is presented in Fig. 3 .
The reactivity of the PAb raised with the chimeric protein GST-Ver-1 as the antigen for the detection of various species of Aspergillus, Penicillium, Fusarium, and corn extract is presented in Fig. 4 
DISCUSSION
Current methods for the assessment of mold's presence in grains and foods are subject to severe limitations. There is therefore a need for alternative techniques which are rapid, reproducible, and highly specific. Consequently, efforts have been focused on raising antibodies against food spoilage molds. In the present work, we raised PAbs by using different immunogens: culture filtrate of an aflatoxin-producing strain of A. parasiticus and chimeric proteins encoded by ver-1 and apa-2 expressed in E. coli. The first approach has been used previously (26) . In contrast, the latter approach is reported here for the first time as an innovative strategy for utilizing genes specifically involved in aflatoxin biosynthesis to produce chimeric proteins, which are then used as antigens. The major advantage of this method over those described previously (18-20, 33, 34) is the highly strain-specific antibodies expected. Indeed, PAbs raised against the chimeric proteins exhibited high specificity for aflatoxin producers, whereas the PAbs produced against A. parasiticus culture filtrate were not speciesspecific and cross-reacted with Penicillium species, indicating a lack of even genus specificity. The specificity of the PAb was analyzed with mycelial extracts of molds commonly found on grains and foods. Studies with Penicillium islandicum showed that an MAb raised against surface washes of the fungus was strongly bound to the mycelia but not to mature conidia (18) . The authors concluded that this MAb can be used to detect active growth of the fungus but not the presence of spores. Later, Cole et al. (15) determined the binding site of the MAb to the mycelium and suggested that the presence of wall pigment in the heavily thickened walls of both the conidiophores and the conidia prevent antibody binding to these structures. Consequently, we plan to study the ability of the PAbs described here to recognize other dormant structures of aflatoxigenic strains. Results of Western blot analysis showed that the antibodies raised against each of the chimeric fusion proteins resulted in specific immunoreactivity with the native protein of the fungus. Therefore, the specificities of the PAbs elicited by using the products of the two genes were compared. The results indicate that PAbs produced against the GST-Apa-2 chimeric protein were more specific than those elicited by the GST-Ver-1 chimeric protein. The cross-reactivity in the latter case against A. chevalieri and, to a lesser extent, A. candidus could not be explained by the present results. However, it emphasizes the need to base the detection system on more than one gene product, as discussed further on.
Although the PAbs were raised by cloning the gene from A. parasiticus, high A 405 values were recorded with A. flavus extract, another aflatoxigenic mold. Moreover, when the antibodies raised against GST-Apa-2 were used, the A 405 values recorded for A. flavus were markedly higher than those recorded for A. parasiticus. The high reactivity with A. flavus can be explained by a stronger expression of this gene in A. flavus and by the strong DNA sequence homology found between the apa-2 gene of A. parasiticus and the afl-2 gene found in A. flavus. In addition, the ability of apa-2 to functionally complement an A. flavus afl-2 mutant strain for aflatoxin production has been shown (5, 36) . Nevertheless, since the polyketide pathway is widely distributed among fungi, the possibility of the antibodies raised against the GST-Apa-2 protein reacting against a wide range of fungi cannot be ruled out since Apa-2 was suggested to play a role as a regulatory factor (5). In any event, only low cross-reactivity with fungi that do not produce aflatoxin was evident in our study. Although the putative binuclear-type zinc finger DNA binding motif of apa-2 shares high homology with many fungal species and Saccharomyces cerevisiae regulatory genes (1, 21, 24) , our results show that the PAbs were specific only to the aflatoxin producers.
Since the antibodies were raised against key enzymes in the aflatoxin biosynthesis pathway, the antibodies may not react with dormant sources of inoculum. Cleveland et al. (13) reported the optimum age of mycelial cultures for recovering aflatoxin pathway enzymes to be between 72 and 84 h. Therefore, enrichment is needed prior to the use of ELISA for the specific detection of any aflatoxigenic strains present in a sample. Presoaking of grains has been found useful in enabling the ELISA detection of very low infection levels (18) . Recently, Shapira et al. (42) used an enrichment step prior to detect a low level of 10 2 spores of A. parasiticus inoculated into 1 g of corn. The enrichment procedure can therefore be used for both PCR and ELISA techniques. Another possibility to be considered when using antibodies raised against key enzymes of the aflatoxin pathway is the potential presence of those enzymes in nontoxigenic strains. Indeed, the Ver-1 protein shares 56% identity with tetrahydroxynaphthalene reductase involved in melanin biosynthesis in the rice blast fungus, Magnaporthe grisea (45) . To overcome this problem, we intend to base the detection system on the products of other genes known to be specific to the aflatoxin pathway: omt-1 (46) and nor-1 (7). In addition, a 70-kb aflatoxin gene cluster has been identified which encompasses all known genes associated with aflatoxin biosynthesis (47) . This gene cluster may serve as a source for raising additional antibodies specific to enzymes involved in aflatoxin biosynthesis towards the aim of developing a "multi-antibody reaction kit." Moreover, this concept could be expanded to the detection and identification of other mycotoxigenic molds for which the secondary biosynthesis pathway and the genes involved have been elucidated.
